Three major linear accelerator vendors offer gantry-mounted single (monoscopic) x-ray imagers. The use of monoscopic imaging to estimate three-dimensional (3D) target positions has not been fully explored. The purpose of this work is to develop and investigate a robust monoscopic method for real-time tumour tracking, combining occasional x-ray imaging and continuous external respiratory monitoring, and compare this with an established stereoscopic method. Monoscopic estimation of 3D target positions is a two-step procedure.
radiotherapy by a CyberKnife system. The precision of the input data used in this study to represent tumour motion was assessed using x-ray imaging to be 1.5 ± 0.8 mm. Monoscopic imaging every 30/60 s with updating ICM every 120/180 s can estimate target positions with a 1 mm root-mean-square error (RMSE) for 63/53% or a 2 mm RMSE for 93/91%, respectively. In contrast, stereoscopic x-ray imaging every 30/60 s can estimate target motion within a 1 mm RMSE for 72/58% or a 2 mm RMSE for 95/92%, respectively. The overall 3D error of the monoscopic estimation is approximately 10% higher than comparable stereoscopic imaging methods when the period between imaging is 1 s or more, and 40% higher for continuous imaging. The promising result may be explained by the fact that superior/inferior motion -the major axis of tumour motion -is fully resolved even in the monoscopic view for coplanar treatments, and tumour motion in each dimension is relatively well correlated.
(Some figures in this article are in colour only in the electronic version)
Introduction
To compensate for respiratory motion during radiation therapy of thoracic and abdominal tumours, treatment techniques such as beam gating delivery (Ohara et al 1989 , Kubo and Hill 1996 , Kubo and Wang 2002 , Minohara et al 2000 , Ozhasoglu and Murphy 2002 , Shimizu et al 2000 , Wagman et al 2003 and beam tracking delivery (Schweikard et al 2000 , 2004 , Murphy 2004 , D'Souza et al 2005 have been developed and investigated. Since 'finding the target' is an essential prerequisite for 'hitting the target' techniques, a reliable estimation of a tumour position is important. Several solutions exist such as x-ray imaging of implanted markers and/or anatomic structures , Shimizu et al 2000 , Schweikard et al 2004 , Berbeco et al 2004 , ultrasoundbased localization (Langen et al 2003 , Scarbrough et al 2006 , positron emission tomography imaging (Xu et al 2006) and electromagnetic transducer tracking (Willoughby et al 2006 , Kupelian et al 2007 . Currently, the Mitsubishi real-time radiation therapy (RTRT) system, the CyberKnife system (Accuray Incorporated, Sunnyvale, CA) and the Calypso (Calypso Medical Technologies, Inc., Seattle, WA) give a three-dimensional (3D) target position with time.
Among the x-ray imaging systems, direct real-time x-ray imaging is ideal, but due to large imaging doses that deliver a skin dose of up to 2 cGy min −1 , hybrid tracking strategies supplementing x-ray imaging with external respiratory surrogates have been explored (Schweikard et al 2004 , Murphy 2004 . The respiration motion is continuously measured from external respiratory surrogates and correlated with the tumour position that is measured via radiography. Then, the correlation model is occasionally updated during the treatment by additional radiographic imaging, and the respiratory signal is used to continuously estimate the target position between image acquisitions.
Using a dual x-ray imaging source/detector combination is an obvious method for determining the 3D position, which cannot be determined with a single 2D projection alone. A single 2D projection has unresolved motion, which is parallel to the imaging beam axis. Suh et al (2007) recently investigated the unresolved motion with the 3D tumour trajectory data of 160 treatment fractions for 46 thoracic and abdominal cancer patients, acquired by a CyberKnife system. Under the situation of continuous monoscopic imaging and no use of prior information on target trajectory, the root-mean-square error (RMSE), averaged over a full 360
• range of 2D projection view directions among all 160 3D tumour trajectories, was 1.3 mm. With this quantification, about 3 mm was suggested for the geometric uncertainty margins when a single imager was used for tumour tracking. Berbeco et al (2004) investigated a monoscopic imaging system and found it to be inadequate for consistent real-time tumour tracking, even with the prior knowledge of the target trajectory. Our findings indicate more optimism for the monoscopic approach. A limitation of Berbeco's study is that the prior knowledge of the target trajectory was not updated during the treatment, i.e. it was prepared before the treatment on the off-line basis and applied to estimate the unresolved motion during the whole treatment period without update.
In this study, we propose a monoscopic method for real-time tumour tracking, combining occasional internal target monitoring and continuous external respiratory signals. In this approach, the correlation model between the unresolved coordinate and the other two coordinates on the projection plane is determined on an on-line basis, and therefore, can be updated even during the treatment. The estimation performance of the novel method was also demonstrated and compared with that of the stereoscopic method.
Methods and materials

Patient data
The 3D tumour trajectory data used in this study were acquired from all abdominal and thoracic tumour patients treated by a CyberKnife system at Georgetown University Hospital from July 2005 to January 2006, which is equipped with a Synchrony TM respiratory tracking system (G3 system with delivery software version 6.2.3). More than 80 h of 3D tumour motion and external respiratory data recorded at 25 Hz from 160 treatment fractions for 46 thoracic and abdominal cancer patients were used. The tumour locations were as follows: lungs (30 patients); liver (2 patients); retroperitoneum (11 patients) and chest wall/internal mammary nodes (3 patients). For each patient, there were 1 to 7 treatment fractions with an average duration time of 31.4 min (ranging from 5 to 106.4 min). The maximum extent of tumour motion in terms of the 3D peak-to-trough distance was greater than 10 mm for 81 traces and 20 mm for 34 traces out of 160 traces, respectively. The RMS peak-to-trough tumour motion of the individual trajectory ranged from 0.4 mm to 14.5 mm, and 62 of the 160 traces had RMS peak-to-trough motion over 5 mm. The patients were under free-breathing during the treatment. The data were shared under an IRB-approved protocol.
The Synchrony is a respiratory tracking system of the CyberKnife system to compensate for breathing tumour motion. Tumour tracking is based on the correlation model between continuously monitoring external markers and occasionally measuring internal fiducials. The 3D positions of multiple light-emitting diodes (LEDs), attached to a tight vest that the patient is wearing during the treatment, are continuously measured by three Flashpoint cameras. Typically, three LEDs are placed around the chest/abdomen depending on the tumour site. On the other hand, the 3D internal tumour location is calculated by automatically detecting the positions of two to four gold fiducials in an orthogonal pair of x-ray images. Before the treatment starts, the system builds a correlation model between external marker motions and 3D internal tumour positions. During the treatment, the system continuously monitors external marker motions and estimates the tumour positions at 25 Hz using the established correlation. To update the correlation during the treatment, the system takes orthogonal x-ray images regularly (typically every 30 s or every other beams) and determines the internal tumour position. Detailed information on the Synchrony system is described elsewhere (Schweikard et al 2000 , 2004 , Suh et al 2007 , Seppenwoolde et al 2007 .
It should be noted that the recorded 3D tumour position is not the actual position but rather it is the estimated position which is derived from the Synchrony model based on occasional stereoscopic measurements. To address the Synchrony's estimation uncertainty, we assessed the uncertainty of the data from the log file recording the estimation error of the Synchrony model itself each time the system measured the actual tumour position with a pair of x-ray images. The average and standard deviation of 3D positional estimation RMS errors of Synchrony over 160 trajectories was 1.5 ± 0.8 mm. The errors associated with the Synchrony position estimation include inaccuracy of the models and the tracking system, time trends or sudden changes that are not picked up by the system. One independent verification study for the Synchrony estimation method was done by Seppenwoolde et al (2007) . By simulating the Synchrony method using continuously and simultaneously recorded internal and external marker positions for eight lung cancer patients whose tumour motion was greater than 10 mm peak-to-peak, they showed that with this method, the treatment error due to breathing motion could be reduced by 50% compared to without respiratory motion compensation; the mean and the 95th percentile of 3D treatment error for over 90% of the time were less than 3 mm and 5 mm, respectively.
From the simulation point of view, since the Synchrony-modelled target positions were derived from external signals via some correlation model between them, they should become better correlated with the external signals than the actual target positions. Therefore, the estimation errors in this study should be underestimated compared to the case of using the actual target positions. The assessed uncertainty of 1.5 ± 0.8 mm also provides the extent of underestimation.
The Synchrony-modelled target positions are not the real ones, but still possess the characteristics of the actual target motion, such as the range of motion and time trends within the given assessed uncertainty. Given the large population size and the long recording time, the motion data used in this study provide a wide range of temporal and spatial characteristics of external marker motion and internal target motion, such as irregularities in amplitude and phase, baseline shift, time trends or sudden changes. Hence, the data will contain many diverse situations that can take place during elaborate radiation treatments, such as intensity-modulated radiation therapy (IMRT) or image-guided radiation therapy (IGRT), where relatively lengthy time procedures would be needed.
Stereoscopic estimation
With continuously measured external respiratory signal R(t) and occasionally measured target positions T i ({t 1 : t k }), i ∈ {x, y, z}, via stereoscopic x-ray imaging at discrete time steps {t 1 , t 2 , . . . , t k }, the target position T i (t) during the time period t k < t t k+1 until next x-ray imaging can be estimated by establishing the correlation between T i ({t 1 : t k }), i ∈ {x, y, z}, and R({t 1 : t k }), i.e.
where f k is possibly a nonlinear function of R(t). As a first approximation, if we assume a linear relationship between target positions and external signals within a certain time interval {t k−L : t k }, then (1) can be expressed as
where the model parameters I and M represent the shift in the mean position and the scale of the internal/external displacement, respectively. The parameters I and M can be determined by least-squares estimation, i.e. minimizing the sum of square error (SSE) as follows:
Finally, we can get the estimated target position at time t as follows:
If there are N different external respiratory monitoring sources (R j ), e.g. one or multiple 3D external marker positions, then (3) and (4) can be generalized and rewritten as follows:
Since we have N different estimators for the same value T i (t), a reasonable averaging method might be obtained by giving more weight to those for which SSE is smaller:
where
−1 , i.e. giving greater weight to the respiratory signals where the correlation is higher. When the motion range of a certain external signal R j is small and therefore susceptible to noise, the scale M i, j ≈ T i /R j becomes large and the estimation error can be very large. To avoid this situation, we modified the weight into
thus giving higher weight to external signals with larger ranges of motion. Hereafter, we will call the above-mentioned correlation model of the 3D target position with external respiratory signals sECM (stereoscopic external correlation model of target). The sECM is one of three key terms important to the understanding of the model. These terms are shown in table 1 and illustrated in figure 1(a).
Monoscopic estimation
Monoscopic estimation of the 3D target position is a two-step procedure. The first step is similar to the stereoscopic approach of establishing the correlation between the target coordinates T i (t k ), i ∈ {x, y, z}, and the external respiratory signals (R j ), sECM, as described above. However, in monoscopic estimation, the correlation between the two orthogonal coordinates P(x p , y p ) on the imager plane and the external respiratory signal (R j ), hereafter called mECM (monoscopic external correlation model of target), is established (see table 1 and figure 1(b)): The component of the 3D target position (z ), along the imaging beam axis, is unresolved. Therefore, the second step is to estimate the unresolved component (z ) by building a correlation model between the unresolved component (z ) and the two other components (x p , y p ), hereafter called ICM (internal correlation model of target) (see table 1 and figure 1 (b)). For this purpose, a series of prior 3D target positions is necessary.
The prior 3D target positions, given at a certain time period {t −K : t 0 }, can be written in the matrix form as follows:
First of all, the prior 3D target positions are decomposed into the components (x p , y p ) on the imager plane and the depth component (z ) by projecting them onto the same plane as the current configuration of the x-ray imager depending on the gantry angle θ and couch rotation φ:
where Q(θ, φ) is the rotation matrix to transform the target positions in the patient coordinate system into the machine coordinate system, and P y is the projection matrix onto the y direction of the machine coordinate system, assuming the imager is orthogonal to the treatment beam axis corresponding to the x-axis of the machine coordinate system. The patient coordinate system is defined as follows: the positive x-axis points towards patient's inferior side; the positive y-axis points to patient's left side and the positive z-axis points to patient's anterior side. The machine coordinate system is defined such that it becomes identical to the patient coordinate system with head first and supine when both gantry and couch rotations are zero. Secondly, by applying a linear correlation model between the unresolved parallel direction z and the other two perpendicular components (x p , y p ) on the imager, ICM is established: and periodic x-ray imaging. In the stereoscopic estimation, a series of internal target positions T(x, y, z) is measured at the time {t 1 : t k } via stereoscopic imaging. The stereoscopic external correlation model (sECM) of the target is built with the acquired internal target positions T(x, y, z; {t 1 : t k }) and the corresponding external signals R({t 1 : t k }) up to t k . Until the next x-ray imaging, which takes place at time t k+1 , the estimated target positionsT(x, y, z; t k < t < t k+1 ) are derived from R(t k < t < t k+1 ) through the sECM. In contrast, the monoscopic method is a two-step estimation.
Step (1) builds the monoscopic external correlation model (mECM) between the projected target positions P(x p , y p ; {t 1 : t k }) and external signals R({t 1 : t k }). Until the next imaging, the estimated projected target positionP(x p ,ŷ p ; t k < t < t k+1 ) is derived from R(t k < t < t k+1 ) through the mECM.
Step (2) recovers the depth motion z , which cannot be resolved with the monoscopic view via the prior 3D target trajectory at time t 0 (before the treatment). By projecting the prior trajectory onto the imager plane on which the current monoscopic view is configured, the depth motion z || ({t 0 }) can be correlated with P(x p , y p ; {t 0 }). This ICM model is initially established with the prior target trajectory T(x, y, z; {t 0 }), which can be obtained by either 4DCT, digital tomosynthesis (DTS) or 4D cone-beam CT (4DCBCT), and subsequently updated during the treatment by either simultaneous MV/kV imaging or a pair of kV imaging acquired sequentially at different gantry angles (see section 4 for details). During the time period of estimation, t 0 < t < τ ICM , z || (t) is derived via the ICM from the projected target position,P(x p ,ŷ p ; t) , that is derived from R(t).
and likewise for w y . At the time of prediction, (x p , y p ) are estimated from (R j ) using the mECM via equation (10), and then z is derived from the estimated (x p ,ŷ p ) using the ICM via the following equation (see figure 1(b) ):
Finally, the estimated 3D target position at t is obtained by the following equation:
The ICM can be initialized via 4DCT, digital tomosynthesis (DTS) (Wu et al 2007) or 4D cone-beam CT (4DCBCT), and then updated during the treatment with the additional 3D target position, which can be measured by synchronous MV/kV imaging or a pair of monoscopic kV imaging acquired sequentially at different gantry angles (see section 4 for details).
Simulation
The proposed method was programmed using Matlab R (The Mathworks, Inc., Natick, MA), and the performance was tested under the following simulation scenarios.
Initial setup correction only without tracking.
The first scenario assumed that in the place of target tracking setup correction was only performed before the treatment by aligning the beam with the average position for the first 10 s of the target trajectory to simulate a treatment scenario, where the patient initially was positioned so that the beam aligned with the mean target position.
Stereoscopic estimation.
The initial ECM (external correlation model) was established using 15 data points evenly selected during the first 60 s (one for every 4 s). Based on the update intervals chosen as τ sECM = 0.04, 1, 10, 20, 30, 60, 120 and 300 s, a new data point was then selected to replace the oldest data point. The correlation model ECM was then updated with these new 15 data points. With this new model, the target positions up to the next x-ray imaging were interpolated from the external signals via the ECM.
Monoscopic estimation.
For monoscopic estimation, the considered projection direction of x-ray imaging was either in the anterior/posterior (AP) or the left/right (LR) direction. The 3D target trajectory was projected onto the corresponding projection direction. The mECM was established and updated with the same update intervals as the above-mentioned stereoscopic scenario, τ sECM = τ mECM . To estimate the unresolved motion perpendicular to the projection plane, the ICM was updated at the regular intervals of τ ICM = 10, 30, 120, 180, 240 and 300 s. One interesting case, which was similar to a method investigated by Berbeco et al (2004) , was also simulated in which the unresolved motions over the entire time range were estimated by the initial ICM established at the beginning without updating, which will be referred to as τ ICM = ∞.
Results
To demonstrate the performance of the monoscopic method, examples of external marker motion and target positions are shown in figure 2 with the stereoscopic versus monoscopic estimation comparisons. In this case, the target movements in AP and SI directions are predominant and also show irregular patterns in amplitude and baseline, as well as abrupt changes in phase. The large residual respiratory motion, which should be taken into account as additional PTV margin without tracking, is reduced significantly by the stereoscopic method. The monoscopic method also shows reasonable estimation performance despite a relatively long update interval, with the unresolved direction of motion (AP) being the most significant. The error in figure 2 is the highest in the unresolved (AP) direction. Figure 3 shows an example of residual motion trajectory in 3D space during the 20 min after applying three different motion compensation strategies, i.e. initial setup correction only without tracking, stereoscopic estimation and monoscopic estimation. The residual motion of the 'initial setup correction only without tracking' is not distributed around the origin, which means there is a baseline drift from the initial setup position. The stereoscopic compensation with every 10 s imaging (τ sECM = 10 s) can reduce the residual motion effectively to within 2 mm most of the time. With the monoscopic view in the AP direction shown in figure 3(a) , the resolved motion in LR and SI directions is estimated from external signals via the mECM updated every 10 s (τ mECM = 10 s). This results in an estimation performance similar to that of the stereoscopic method with the same update interval (τ sECM = 10 s). On the other hand, the unresolved AP motion is estimated from the estimated LR and SI positions using the ICM updated every 60 s (τ ICM = 60 s). However, the stable temporal correlation of the tumour motion/external signals makes the monoscopic estimation comparable with the stereoscopic estimation although the update interval of the ICM, τ ICM , is six times longer than that of ECM, irrespective of the monoscopic view direction. Figure 4 shows the relative performance of the monoscopic estimation compared with the stereoscopic method under several combinations of update intervals confined to τ sECM = τ mECM < τ ICM , where all 160 datasets are displayed as a point on each scatter plot. This confinement is used because if the updated 3D target position is given for the ICM update, the mECM can be updated automatically. The overall 3D error of the monoscopic estimation is 1.4 to 1.5 times larger than that of the stereoscopic estimation at τ ECM = 0.04 s, whereas it is 1.1 times larger at τ ECM 1 s. The promising result is largely attributable to the full resolution of SI motion-the major axis of tumour motion -even in the monoscopic view under the condition of coplanar treatment without rotating couch, and tumour motion in each dimension is relatively well correlated. The average Pearson correlation coefficients over 160 trajectories are 0.65, 0.57 and 0.58 for SI/AP, SI/LR and AP/LR, respectively, indicating that at least half of the motion information content in any one direction is linearly related to the motion in the other two directions. Figure 5 shows the cumulative RMSE distributions of the 160 trajectory data for the three different motion compensation scenarios, i.e. without tracking, stereoscopic estimation and monoscopic estimation with different external versus internal correlation model update intervals (τ ECM versus τ ICM ), when the unresolved motion is in either the AP or LR direction. From figures 5(c) and (g), the 90th percentile RMSE in AP and LR directions is ∼1 mm for the monoscopic estimation with the combination of the update intervals of τ mECM = 20 s and τ ICM = 120 s. Without tracking, as shown in figures 5(d) and (h), the ∼60th percentile is covered within a 1 mm RMSE.
The percent populations, in which the residual 3D RMS error and the 95th percentile of residual 3D error are below given limits, are summarized in tables 2 and 3, respectively. Given the residual error limit, the percent population for 3D RMSE is 1.3 times larger on average than that of the 95th percentile of residual 3D error. From table 2, stereoscopic x-ray imaging every 30/60 s can estimate target motion within a 1 mm error for 72/58%, respectively, or a 2 mm error for 95/92%, respectively. If combining monoscopic imaging every 30/60 s with updating ICM every 120/180 s, the estimation performance becomes slightly lower with a 1 mm error for 63/53%, respectively, or a 2 mm error for 93/91%, respectively. It should be noted again that since the results are based on the estimated target trajectory of the Synchrony system, in reality, the uncertainty of 1.5 ± 0.8 mm inherent in the Synchrony system should therefore be taken into account. Figure 6 illustrates a comparison of the unresolved AP motion estimation both with and without updating the ICM. This demonstrates why the updating of the internal correlation of the target is also necessary to compensate for the intrafractional variation of the target movement pattern. By the same logic of updating the ECM of the target, the internal correlation model of the target is also required to be updated to adapt to irregularities of breathing patterns. Since the correlation model between the resolved and unresolved motion patterns can be changed Figure 4 . The stereoscopic versus a monoscopic estimation error of the unresolved motion and the overall 3D motion under several combinations of the model update intervals that are confined to τ sECM = τ mECM <τ ICM while the unresolved motion is either in the AP (a)-(d) or LR (e)-(h) direction. All 160 datasets are displayed as a point on each scatter plot. Each case is fitted on a line intercept origin, and its slope α and R 2 are presented. τ ICM = ∞ means the internal correlation model for target (ICM) is built before the treatment and used throughout the treatment without update. after the motion patterns have been changed, a change in the unresolved motion patterns can take place without any significant change in the resolved components. More commonly, the baseline shift cannot be picked up without the updated ICM. In this specific case, because of
predominant SI motion (∼8 mm) relative to LR motion (∼2 mm), especially at the beginning when the initial correlation model is built, the estimation based on the initial correlation model without updating is mainly determined by the SI motion in which larger weight is given to the SI motion; however, this subsequently turns out to be insensitive to the unresolved AP motion. To some extent, it is related to the weighting method specific in this study, which takes into account the range of motion to reduce noise susceptibility from the external signal with a small range of motion. Note that there is also an issue of data-sampling strategies to build the correlation model. In this study, ICM is initialized by sampling 15 data points every 4 s before the treatment, and it is updated periodically with the time interval of τ ICM by replacing new data with the oldest data and giving equal weight to all of data points. To quickly catch up to changes in the time trend, it is more efficient to give more weight for the newest data. Further improvements are expected with fine tuning of the model-updating method.
Discussion
In this work, we proposed a monoscopic method for real-time tumour tracking using combined occasional x-ray imaging and continuous respiratory monitoring. Our research was initiated because three major manufacturers have single gantry-mounted kilovoltage x-ray imaging systems (Elekta, Siemens, Varian) that are frequently used for IGRT procedures. Additionally, room-mounted stereoscopic x-ray imager systems (Cyberknife, Brainlab) can have one of the imagers obscured by the linac, making only one imager available for patient imaging. Monoscopic imaging gives half the dose to stereoscopic imaging, and systems capable of stereoscopic imaging can be used in a sequential monoscopic mode. As shown in figure 1 , the correlation between the target position projected on the monoscopic view and respiratory signal, i.e. mECM, was established and updated by occasional monoscopic imaging. In addition, to estimate the unresolved component of target motion along the monoscopic view, the cross-correlation between the two resolved components of target positions projected on the imager and the unresolved component parallel to the monoscopic view, i.e. ICM, was established and updated via a series of 3D target positions. One possible monoscopic approach combined with the prior knowledge of the target trajectory was explored and tested by Berbeco et al (2004) . The 3D target trajectory of ∼3000 data points was obtained during the training period of 1-2 min. By projecting the 3D data (e) (f) (g) (h) Figure 5 . (Continued.) points onto a 2D imaging plane, the 2D map of the unresolved motion was derived as a function of the two other coordinates on the 2D imaging plane. Subsequently, they applied this map to the following 3D target trajectory over the treatment to estimate the unresolved motion, and then compared it with the known 3D target trajectory. For 28% of the patients (2 of 7 patients), the 95th percentile of estimation error range was greater than 7 mm, because the unresolved motion could not be safely reproduced from the two coordinates of the projection plane based on the prior correlations. Berbeco et al concluded that the risk of poor localization hindered the use of a monoscopic system for reliable tumour/marker tracking. A limitation of their study is that the prior knowledge of the target trajectory was not updated during the treatment.
As shown in figure 6 , the unresolved motion error is reduced by updating the internal target model during the treatment in order to adapt to irregularities of breathing patterns. The values of ICM = ∞ in figures 4 and 5 correspond to the Berbeco method. Clearly, as the correlation model is updated more frequently, improved position estimation is the result. In this study, we confined both ECM and ICM to be linear correlation models. Kanoulas et al (2007) investigated several different linear models of ECM under varying updated frequencies. They found that aggressive strategies forcing the fitted line through the update point is more accurate for high imaging rates (>2 Hz), while conservative strategies giving more weight on the update point is more accurate for the others. Seppenwoolde et al (2007) have verified the accuracy of the Synchrony tumour-tracking system by simulating combined Figure 6 . A comparison of the unresolved AP motion estimation for patient 46, fraction 3, both with and without updating the internal correlation model of target (ICM). When the estimation with updating ICM at every 60 s eventually follows the Synchrony-modelled tumour positions, the estimation, based on the initial correlation model only without updating (τ ICM = ∞), is not able to catch up the variation in amplitude. Note that the data-sampling method of ICM is sampling 15 data points every 4 s before the treatment, and replacing the oldest one with a new one every 60 s during the treatment; hence, the estimation is not able to quickly catch up the abrupt change.
occasional stereoscopic x-ray imaging and continuous external respiratory surrogate positions with datasets obtained from a Mitsubishi RTRT system. Linear, curvilinear and bi-curvilinear models were evaluated for ECM. They found that for the most part, breathing motion could be estimated by a simple linear model, except in cases with motion hysteresis. For patients with hysteresis, the polynomial model reduced the residual error compared with the linear model. Even though patients with hysteresis are not the majority of the population basis, there is a gain for individual cases and therefore the impact of the nonlinear model in the monoscopic method should be explored in further work.
There are several methods for 'hitting the target' that are under development, which include moving either the linac, DMLC or couch. However, in order to accurately hit the target, a 3D target position estimation method is required and was the subject of this work. The target position estimation method can be coupled directly to any of the methods requiring 3D input information to hit the target. An example of a 4D IMRT treatment process using the suggested monoscopic method for real-time tumour tracking is as follows. Before the treatment starts, the 3D internal target trajectory over the breathing cycle of the patient is determined by either acquiring a 4DCBCT or simply taking a series of synchronous MV/kV images in the same way as stereoscopic estimation methods. At the same time, the external signals are monitored continuously. The acquired 3D target positions would then be decomposed into the resolved and the unresolved components, depending on the beam orientation to be delivered. The ICM could be established from a correlation between the resolved and the unresolved components. The ECM could also be built based on the correlation between the external signals and the resolved motions. During the first beam delivery, the ECM could be updated by taking kV images regularly, e.g. every 10 or 20 s. Note that ECM should be updated more frequently than ICM, because ECM affects the overall 3D estimation errors, and ECM updating requires a single x-ray view at the same orientation configured by specific gantry and couch angles, while an update of ICM requires dual x-ray views at different gantry angles. The ICM would be updated during rotating gantry to the new beam from the old one, either by simultaneous MV/kV imaging at the new beam angle or by a pair of kV images acquired sequentially at the gantry angle of the old and the new beam, e.g. ∼72
• angular separation for a five-equiangular-beam IMRT treatment. Since two sequential kV images would capture different target positions depending on the phase, it may require further information such as the breathing displacement/phase from external signals to estimate the 3D target position correctly or the two sequential kV images can be triggered by external signals at the same breathing displacement/phase to ensure the same target position. The implementation of these techniques is currently being investigated. Before the treatment of the new beam starts, the 3D internal target positions should be decomposed into the resolved and the unresolved components based on the new beam angle, and then the ICM and ECM are configured newly. These steps would be repeated until the end of the treatment.
From table 2, stereoscopic x-ray imaging every 30/60 s is used to estimate target motion within a 1 mm error for 72/58%, or a 2 mm error for 95/92%, respectively. If combining monoscopic imaging every 30/60 s with the updated ICM every 120/180 s, the estimation performance becomes slightly lower: a 1 mm error for 63/53%, or a 2 mm error for 93/91%, respectively. Considering the intrinsic localization uncertainty of IGRT (Yoo et al 2006) , reported to be ∼1 mm, the update intervals proposed here are thought to be feasible. Still, this is a purely geometric simulation and the associated dosimetric error for a given geometric error could be significant if the motion takes place in the region of a large dose gradient. Nill et al (2005) addressed the dosimetric impact of the unresolved motion when a single imager is used to monitor the 3D target position. They showed that an IMRT planning study for one lung cancer case assumed a simple variation of AP motion (3/6/9 mm), while the motion range of LR (2 mm) and SI (12 mm) was fixed. For a small range (3 mm) of motion, the unresolved motion had little impact on the overall dose distribution due to correctly compensating for the resolved components of motion. As long as the unresolved motion up to 9 mm is along the treatment beam direction, the geometric error due to the unresolved motion has little impact on the dosimetric result. However, when the unresolved motion is perpendicular to the treatment beam direction, the coverage index was reduced by approximately 3%.
The 3D tumour trajectory data analyzed in this study were obtained from patients treated with hypo-fractionated regimes with a CyberKnife. On conventional linacs, these patients often are treated with non-coplanar treatment plans, even though the most conventional thoracic and abdominal treatments are still coplanar. The use of a linac-integrated fluoroscopy system orthogonal to the treatment beam often is difficult to use in the presence of appreciable couch rotations. This limitation could be released to some extent by using the kV imaging system mounted opposite to the MV source (Hesse et al 2004 , Nill et al 2005 . Benefits with noncoplanar beam arrangements without tumour tracking versus coplanar beams with tumour tracking should be justified on an individual patient basis.
A key factor for respiratory tumour-motion tracking is how to manage the complexity and irregularity of breathing patterns. Complexity, due to hysteresis or phase shift, can be managed better by choosing more elaborate correlation models like a bi-curvilinear model. Irregularity due to the baseline shift can be managed by raising or optimizing imaging frequencies. On the other hand, since high imaging frequency is limited by the imaging dose, the effort to reduce irregularity by using techniques to regulate breathing, such as audio-visual biofeedback coaching, is desirable (George et al 2006 , Neicu et al 2006 , Stock et al 2006 , Lim et al 2007 .
Conclusions
Methods of locating a moving target are enabling technologies for tracking methods designed to irradiate the moving target. Several manufacturers offer single (monoscopic) kV x−ray imagers for IGRT procedures. In this study, occasional monoscopic imaging was combined with continuous respiratory monitoring to estimate the 3D target position in time. Assuming a prior correlation model and periodic model updating, the error with monoscopic imaging is approximately 10% higher than comparable stereoscopic imaging methods when the period between imaging is 1 s or more, and 40% higher for continuous imaging. The dose for monoscopic imaging is nearly half that of stereoscopic methods.
